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ABSTRACT
POLLINATOR POPULATIONS IN MASSACHUSETTS CRANBERRY, 1990 TO
2009: CHANGES IN DIVERSITY AND ABUNDANCE, EFFECTS OF
AGRICULTURAL INTENSIFICATION, AND A CONTRIBUTION TO THE NORTH
AMERICAN POLLINATOR SURVEY
MAY 2010
MOLLY M. NOTESTINE, B.S., UNIVERSITY OF MICHIGAN
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Anne L. Averill

It is now widely accepted that over one-third of the global food supply depends
upon pollinators. Risking severe ecological and economic implications, the status of the
4000 species of bees native to North America has been poorly understood due to a lack of
long-term survey data. In this study, I conducted bee surveys on Massachusetts cranberry
(Vaccinium macrocarpon Ait.) bogs from 2007-2009 and compared diversity and
abundance data to those from historical surveys performed in 1990-1992 on the same
bogs. I found that overall bee diversity declined severely in the 19-year survey period,
while total bee abundance remained consistent. My data provide supporting evidence for
the loss of North American bumble bees (Bombus spp.), but also provide the first
evidence for declines in the U.S. in overall wild bee diversity. Maximizing the potential
for agricultural landscapes to serve as quality pollinator habitat and identifying
appropriate integrated pest management strategies should involve a comprehensive
understanding of each species’ life history traits and conservation status.
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The loss of biodiversity associated with the intensification of agriculture has been
well documented for several wildlife species but remains poorly understood for bees,
which provide pollination to many agricultural crops. Most pollinator-dependent crops
rely heavily on managed honey bees (Apis mellifera L.) for pollination. Four thousand
other species of bees native to North America may provide pollination insurance in the
event of honey bee losses, but without a clear understanding of how agricultural
intensification affects wild bees, habitat conservation measures aimed at protecting them
may be futile. In the second part of this study, I evaluated six metrics of agricultural
intensification with respect to native bee diversity and abundance in Massachusetts
cranberry bogs, including honey bee competition, bog management type (i.e. organic
versus conventional), distance from epicenter of cranberry-growing region, toxicity of
insecticide program, susceptibility of reproductive bees to insecticide, and surrounding
land use. I found a clear association between reduced native bee diversity and abundance
and the effects of increased agricultural intensification of the landscape. Recognition that
native bee communities in North America are diminishing as a consequence of
agricultural intensification may help to unify a movement toward improved conservation
management.
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CHAPTER 1
A COMPARISON OF CURRENT AND HISTORICAL NATIVE BEE
POPULATIONS IN MASSACHUSETTS CRANBERRY: EVIDENCE FOR
DECLINE
Introduction
Wild bees contribute significantly to crop pollination (Winfree et al. 2007, 2008),
representing 4000 species of bees native to North America (Michener 2000). American
cranberry (Vaccinium macrocarpon Ait.) and various other crops (e.g. blueberry, tomato,
squash) have floral morphologies that make wild bees more efficient and more effective
pollinators than honey bees (Apis mellifera L.). Honey bees most often forage strictly for
nectar without contacting the stigma, effectively stealing nectar (MacKenzie 1994),
whereas bumble bees and many other wild bee species are pollen foragers and transfer
large pollen loads by sonicating flower anthers to release pollen (Kevan et al. 1990;
Morandin et al. 2001; Cane & Schiffhauer 2003; Greenleaf & Kremen 2006). Bumble
bees (Bombus spp.) are the most common buzz pollinators of cranberry and forage at low
temperatures, under wet conditions, early and late in the day, and early in the season and
late into fall. These traits make them one of the most efficient and essential pollinators of
not only cranberry, but also wild plants and many other agricultural crops (Goulson
2003a). If current alarming regional declines in managed honey bee colonies continue,
bumble bees and other native pollinators will become increasingly important to farmers
(Stokstad 2007; Lonsdorf et al. 2009). A healthy, diverse wild bee assemblage can
contribute substantially to pollination services for certain agricultural areas undergoing
losses of managed honey bees (Greenleaf & Kremen 2006; Winfree et al. 2007).
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There is growing concern that not only managed honey bees, but also wild bee
populations may be declining at a global scale (Allen-Wardell et al. 1998; Kearns et al.
1998; Potts et al. 2010). In particular, some bumble bee species, including the eastern
Bombus affinis Cresson and Bombus terricola Kirby, which were once common in the
US, have either disappeared or declined in abundance and distribution over the last
decade (Thorp 2005; Colla & Packer 2008; Grixti et al. 2009). However, our
understanding of the nature and extent of native bee decline in North America is limited
by the lack of baseline surveys and long-term monitoring data; conservation efforts aimed
at protecting native pollinator habitat can only be implemented once a species’ status is
understood (NRC 2007). Furthermore, assessing the distribution and abundance of over
4000 species is a difficult task because of the low probability of finding rare specimens in
random samples. Nondetection of a particular species at a site does not necessarily
indicate that the species is absent (MacKenzie et al. 2002). Wild bee populations also
fluctuate widely from year-to-year (Roubik 2001; Greenleaf & Kremen 2006), further
complicating efforts to accurately gauge the status of native bee populations. These
challenges only underscore the pressing need for continued research and ongoing
monitoring programs aimed at assessing native pollinator communities.
In this study, I capitalize on the rare opportunity to compare current pollinator
data to a historical data set and examine whether native bee populations on Massachusetts
cranberry bogs have changed since they were first inventoried in 1990-1992 (MacKenzie
& Averill 1995). Specifically, I (1) compare current (2007-2009) overall bee diversity
and abundance data to those from the historical study, and (2) quantify the changes in
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Bombus community composition by assessing relative abundance of each Bombus
species.

Methods
Study Area and Field Methods
I conducted bee surveys in southeastern Massachusetts, the primary cranberrygrowing region of the state, during cranberry bloom from mid-June to mid-July in 2007,
2008, and 2009. For efficiency in comparing current data to historical data, I modeled my
field methods on the MacKenzie & Averill (1995) methods. Of the 15 study sites
previously sampled in a baseline pollinator survey of Massachusetts cranberry bogs by
MacKenzie and Averill in 1990-1992, nine were available for use in my comparative
study. All of the sampling locations were active commercial cranberry bogs, and all but
one (A1) had rented honey bee hives present during the sampling period. None of the
sites were stocked with commercial bumble bees.
I replicated the methods established by MacKenzie and Averill (1995) by
collecting and observing bees, including honey bees, foraging on cranberry flowers three
times throughout the bloom period at each site. In 1990 and 1991, collections and
observations were made on four and seven of the nine sites, respectively; in 1992,
observations were only made on three sites. I collected and observed bees on nine sites in
2007, eight sites in 2008, and in 2009, I collected bees on five sites and discontinued
observations (Fig.1.1, Table 1.1). For the 2007 and 2008 collections, one individual
captured as many bees as possible directly into insect jars while moving throughout the
bog for 15 minutes. In 2009, I captured only native bees and counted honey bee sightings
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while moving throughout the bog for 20 minutes. For the observations in 2007 and 2008,
one individual recorded every bee visit to cranberry flowers within a 1-m2 plot for a 5minute period. Each bee was counted only once, and I repeated the counts at six random
locations throughout each bog for each site visit. I conducted surveys only on sunny or
overcast days without precipitation or strong winds and when temperatures were between
20° and 32° C. I transported all collected bees to the laboratory to be killed, pinned, and
identified to species. I included the specimens in the University of Massachusetts
Cranberry Experiment Station’s Insect Collection.

Data Analysis
I examined overall changes in total bee diversity, total bee abundance, and
relative abundance of Bombus species from the early 1990s to the late 2000s. I used the
bee collections as a measure of both diversity and abundance and the bee observation
data as a second estimate of abundance. To evaluate diversity among sites, I calculated
the Shannon Diversity Index (H’) both with and without honey bees. I quantified total
abundance by calculating both the collection rate (bees collected per minute) and the
observation rate (bees observed per minute per m2) and relative abundance as the number
of individuals collected for each species divided by the total collected. These were the
metrics used in the historical study, and are conventional in biodiversity studies
(Magurran 2004). Because bumble bees are especially important and efficient pollinators
of cranberry, I also calculated the abundance of each Bombus species relative to the total
number of bumble bees in the collection. To ensure adequate sampling effort in
evaluating the bumble bee species distribution portion of the study, I used collection data
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from not only the 9 sites historic sites, but also utilized bumble bee collection data from
an additional 31 sites, which I had collected as part of another bee survey. I applied the
same survey methods used in my comparative study to the additional 31 sites.
I used mixed models in SAS (SAS 2000) to identify significant changes between
the current and historical data in overall diversity and abundance and the relative
abundance of each of the Bombus species. I treated the nine survey sites as random
effects in the mixed model and overall changes in each diversity and abundance
parameter as fixed effects. I was able to detect statistically significant changes between
the current and historical data by making year a fixed effect as well. Any missing data
over the 19-year survey period was a result of arbitrary causes, such as lack of permission
to survey a bog or unavailability due to bog renovation, thus I used a mixed model
because of its ability to accommodate unbalanced data sets.

Results
I collected 2729 individual bees off nine bogs from 2007-2009, representing 39
species (Table 1.2). In 2007, I collected 25 bee species in 6 families, in 2008 I collected
18 species in 5 families, and in 2009 I collected 14 species in 4 families (Table 1.2). The
McKenzie and Averill survey (1995) found 836 individual bees in 38 species and 5
families on the same nine bogs over the two-year period in which collections were made;
27 species were collected in 1990 and 23 species were collected in 1991. In 2007 and
2008, I observed 590 bee visits to cranberry flowers. As with the historical survey, honey
bees and bumble bees were the most common pollinators in my collections and
observations, comprising 47% and 49% of the collections, respectively, and 45% and
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51% of the observations. Eight bumble bee species were collected in the historical
survey, while I found only six species, including a single B. terricola specimen (found on
bog C2). B. terricola and B. affinis were previously found in abundance in the historical
survey and Bombus rufocinctus Cresson occurred occasionally; all three species were
almost entirely absent from my comparative survey collection, with the exception of a
lone B. terricola individual.

Diversity
Total species diversity, as measured by the Shannon diversity index was
significantly lower in 2007-2009 compared to 1990-1991, both when honey bees were
included (P=0.015, F1,8=9.61; 28% loss of diversity) and when honey bees were excluded
(P=0.002, F1,8=19.54; 29% loss of diversity; Table 1.3). I found consistently significant
results when I evaluated the same data for diversity in terms of evenness using Simpson’s
index (data not shown). This decline in diversity reflects substantial losses of B. affinis,
B. terricola, and several Halictus and Lassioglossum species previously found in
abundance. Of the 39 species collected in 2007-2009, 12 species were represented only
by a single individual. I collected 15 solitary bee species which were not previously
collected in the historical survey, while the historical survey included 13 species which I
did not encounter in the 2007-2009 survey (Table 1.2).

Abundance
Total abundance, measured as bee observation rate (bees per minute per m2) or as
measured by capture rate (bees collected per minute), did not change significantly from
1990-1992 to 2007-2008. I found no significant changes in honey bee observation rate,
6

bumble bee observation rate, small native bee observation rate, honey bee capture rate,
bumble bee capture rate, nor small native bee capture rate. There were no differences
between the historical and new data in the proportion of honey bees making up the annual
collection, the proportion of bumble bees in the collection, the proportion of honey bees
observed, nor the proportion of bumble bees observed (P>0.117 and F1,8<3.09 for all
aforementioned insignificant relationships).

Bumble Bee Species Distributions
I evaluated species distributions within just the bumble bee collection, using data
from the nine historic sites as well as data collected from 31 additional sites, in which I
collected 2925 bumble bees (40 total sites) from 2008-2009 representing 10 species
(Table 1.4). The relative abundance of Bombus impatiens Cresson increased from 19901991, when it was less than 40% of the collection, to 2007-2009 when it was nearly 60%
(Table 1.5); although this change was only marginally statistically significant (P = 0.086,
F1,8=3.83). There was a significant decrease in the relative abundance of B. affinis
(P=0.022, F1,8=7.96) and B. terricola (P=0.014, F1,8=9.81,). Historically, B. affinis and B.
terricola comprised a large proportion of the bumble bee collection at sites A1, A2, C2,
C4, and C9; at C9 in particular, B. affinis and B. terricola were historically more
abundant than B. impatiens or any other Bombus species. In the 2007-2009 comparative
surveys, I found only one individual of either species: a single B. terricola specimen at
site C2. Unlike the historical survey, I found no B. rufocinctus individuals foraging on
cranberry flowers, but because B. rufocinctus was found in such low abundance
historically I hesitate to suggest that this species has declined. Given the acute changes in
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some species distributions, the relative abundances of Bombus bimaculatus Cresson and
Bombus griseocollis (DeGeer) remained remarkably consistent between the two time
periods (Table 1.5).

New and Rare Species
Despite finding evidence for decline in the data used for my comparative study, I
did have several encouraging encounters while conducting surveys throughout the
extended 40-site survey area. I collected two bumble bee species not previously collected
by MacKenzie and Averill (1995): Bombus citrinus (Smith) and Bombus sandersoni
Franklin. B. citrinus is a parasitic bee in the subgenus Psithyrus and B. sandersoni is a
small bee with morphological features very similar to Bombus vagans Smith and Bombus
perplexus Cresson, making distinction between the species difficult and possibly
confounding historical records. Two other bumble bees species, known to be undergoing
drastic declines in the past decade, were also collected, albeit in cripplingly low
abundance; I collected a total of three B. terricola individuals and one B. affinis
individual. B. terricola and B. affinis were the only bees in the collections belonging to
the subgenus Bombus. I found several other solitary bee species, some not previously
collected by MacKenzie and Averill (1995), and some yet to be named (e.g.,
Lasioglossum “JG-4”, Nomada “maculata” and Nomada “multispinosa”) (Tables 1.2 &
1.4). As with the historical survey, my survey found Melitta americana (Smith) on
cranberry bogs in numbers higher than typically recorded in other habitats (Cane et al.
1985).
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Discussion
Overall bee diversity decreased significantly from 1990-1991 to 2007-2009 - a
28% loss, while overall bee abundance remained unchanged over the two survey periods.
Meanwhile, the number of bumble bees species commonly encountered on cranberry
bogs went from eight to five. The results of this study establish the first evidence for
decline in overall native bee diversity in the United States, and my results contribute to a
growing body of worrisome research demonstrating strong evidence for decline in
bumble bee diversity throughout Eastern North America (Colla & Packer 2008; Grixti et
al. 2009). My data further support studies that detected no change in bee abundance over
several years (Marlin & LeBerge 2001; Kearns & Oliveras 2009), but solely analyzing
abundance obscures individual species declines and extirpations. Pollinator populations
can fluctuate wildly from year to year (Roubik 2001), making determinations of species
decline or local extinctions difficult. Few quantitative and geographically broad data sets
on pollinator populations exist, especially for North America (Ghazoul 2005), and those
that do have been extensively, but not exhaustively analyzed for relationships with bee
tongue length, foraging niche, species-range patterns, and anthropogenic disturbance
(Goulson et al. 2005; Williams 2005; Colla & Packer 2008; Winfree et al. 2009; Grixti et
al. 2009). Given the recent frenzy of research and discussion on the health and status of
pollinators, hasty conclusions have been made regarding widespread declines (Williams
2005; vanEngelsdorp et al. 2009). Assessments of diversity and abundance are most
meaningful when bee communities are compared between sites and over an extended
period of time (Kevan et al. 1997). Here, I have evaluated a 19-year temporal change at
analogous locations, and report a significant loss of diversity yet remarkably constant bee
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abundance overall, suggesting that while a small number of bee species are thriving,
many species are undergoing radical declines and are in danger of local extirpation.
Solitary bees, including Osmia, Megachile, Augochlora, Agapostemon, Mellitta,
and Lasioglossum (Dialictus) have been found to contribute substantially to the
pollination of many crops (Greenleaf & Kremen 2006; Winfree et al. 2007). Each of
these genera was represented in my collections, but often in exceedingly low abundance.
Reduced native bee communities have been shown to limit pollination and reduce crop
yields in watermelon, coffee, and blueberry (Kevan et al. 1997; Kremen et al. 2002; Klein
et al. 2003). From 1990-1992, MacKenzie and Averill (1995) found 8 bumble bees
species and 30 solitary bee species in 5 families. My comparative survey found 6 bumble
bee species and 33 solitary bee species in 6 families, though singletons, species
represented by only a single individual, often comprised the whole delegation for an
entire species (Table 1.2). The historical survey reported 13 solitary bee species which I
did not encounter in my survey (only 6 of which were represented only by singletons).
From 2007-2009, I collected 15 solitary bee species which were not previously collected
in the historical survey (10 of which were represented only by singletons). High
proportions of singletons are common in bee surveys because no single sampling regime
can effectively capture all species (Patenaude 2007); this underscores the need for longterm surveys that incorporate active and passive sampling methods. Because this study
was designed as a comparative assessment of bee community composition between two
time periods, I adhered to the collection methods established in the historical survey.
However, on a portion of the cranberry bog sites I experimented with trials of a common
sampling method involving pan trapping using colored bowls filled with soapy water
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(LeBuhn et al. 2003), but found it cumbersome given the widespread spatial distance of
our sites. Based on our trials with the bowl method, I suspect employing it in future
sampling efforts will reveal richer species diversity than I found solely by capturing
individual bees by hand.
Bee surveys conducted by (Loose 2000) on cranberry bogs in the same region of
Massachusetts in 1997 and 1998 revealed a very different fauna than I describe. Using a
combination of malaise, intercept, and sticky traps, Loose (2000) collected an additional
30 wild bee species not found in either the MacKenzie and Averill (1995) historical
survey or my current surveys. Bee diversity varies greatly among sampling types; even
surveys of the same geographic region can reveal widely disparate results using different
protocols (Michener 2000). This likely explains why my survey data differ so greatly
from the Loose (2000) data. I surveyed using only active hand-collection methods, so I
captured only bees on the wing while actively pollinating cranberry flowers. Loose
(2000) rarely observed the most abundant species in her collection on the wing; they may
not have been actively foraging on cranberry blossoms. Her 1997-1998 fieldwork
revealed the most common species to be Megachile addenda Cresson, Dialictus spp., and
B. vagans. My surveys included only one M. addenda specimen and few B. vagans and
Dialictus spp. (i.e., Lasioglossum subgenus Dialictus), lending support to the suggestion
that conclusions regarding changes in population structure must not be drawn from data
collected using different methods. The Loose (2000) survey is a valuable inventory of the
entire native pollinator community, whereas my survey focused more specifically on
cranberry pollinators, and bears larger implications of potential impacts to crop
pollination given the declines I observed in native bee populations. The Loose (2000)
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species data are encouraging because of the wide diversity and species richness observed;
however, because only passive trapping methods were used, it is unclear how many
species of small native bees were active cranberry pollen foragers. Bumble bees,
however, are known to exhibit high fidelity to cranberry flowers and to be prolific and
efficient pollen foragers (MacKenzie 1994). Therefore, the high abundance and diversity
of Bombus spp. in Loose’s data, including a strong representation of B. affinis and B.
terricola, is a good indication that as of 1997-1998, a healthy Bombus community was
actively pollinating cranberry. Since then however, the abundance and distribution of B.
affinis and B. terricola have declined so drastically throughout eastern North America
(Thorp 2005; Colla & Packer 2008; Grixti et al. 2009), that the Xerces Society for
Invertebrate Protection has sought special protection status for these species and has
requested the International Union for Conservation of Nature (IUCN) designate B. affinis
as “Critically Imperiled” (Sarina Jepsen, personal communication). Such protection
efforts would not be possible without historic survey data upon which to compare current
data.
Demand for pollinator-dependent crops like apples, tomatoes, melon, squash,
avocados, nuts, and berries, which have relatively low yield/acre ratios has increased
substantially, creating a paradox wherein prime native bee habitat is being increasingly
lost or fragmented at the expense of expanding agricultural acreage to meet demand
(Aizen & Harder 2010). Impacts from agricultural expansion and intensification are
widespread and include direct effects like habitat destruction and fragmentation, exposure
to pesticides and other toxic agrochemicals, as well as indirect effects like competition
from introduced species and sub-lethal effects of pesticides (Krebs et al. 1999). Native

12

bee declines may be best explained by the cumulative effects of agricultural
intensification and global climate change (Potts et al. 2010).

While the entire host of factors causing the pollinator decline remain elusive, it
has become apparent that they are driven, at least in part, by agricultural practices
associated with pest management (Kremen et al. 2002; Tscharntke et al. 2005; Biesmeijer
et al. 2006). Because of physical and chemical impacts to ecosystems (Tilman et al. 2002;
Vitousek et al. 1997), and valuable ecosystem services like pollination, pressure to reduce
the use of organophosphate and other broad-spectrum insecticides in U.S. agriculture has
increased in recent years (Tuell 2007). However, new insecticide formulations, including
the neonicotinoid imidacloprid and even a “reduced risk” compound used in organic
formulations, spinosad, have been found to be more acutely toxic than old chemistries,
and may cause sublethal effects that impair navigation back to the hive (Morandin &
Winston 2003; Morandin et al. 2005; Yang et al. 2008). The effects of these compounds
on small solitary bees are largely unstudied, but their tiny bodies are likely even more
susceptible to these toxic compounds (Morandin et al. 2005). Integrated pest management
(IPM) programs for cranberry and many other crops, are designed to reduce
environmental impacts from insecticides and protect and enhance populations of bees and
other beneficial insects. In crops like cranberry, which rely on insect pollination, IPM
recommendations direct growers to avoid applying insecticides during bloom (McGregor
1976; DeMoranville et al. 2008). Grower awareness about the risks of pesticides has
increased and thus, increased the potential for conservation of beneficial insects in
agricultural ecosystems (Isaacs et al. 2009).
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In the United States, the widespread trafficking of commercial bumble bee hives
may present the most immediate threat to bumble bee species already at risk of decline
(Thorp 2005; Goulson et al. 2008). Currently, commercial bumble bees are widely
available for purchase in most states without oversight by any regulatory agency for
prevention of pathogen transmission or movement of bees out of their native ranges
(Thorp et al. 2010). None of the growers in the 9-site comparative survey stocked
commercial bumble bees, but a scant number of growers throughout southeastern
Massachusetts do purchase commercial colonies of B. impatiens annually, including two
growers in the extended 31-site survey. All but one grower stocked honey bee hives to
ensure adequate pollination. Such over-reliance on honey bees, B. impatiens, or any
single pollinator, is risky because it leaves crop pollination vulnerable to the effects of
species-specific pathogens and parasites (Winfree et al. 2007). Colonies of B. impatiens
have been commercially reared since the early 1990s for greenhouse crop pollination on
the east coast where they occur naturally; more recently B. impatiens has also been
dispatched to the west coast, where it is not endemic (Whittington & Winston 2004). Not
only do foraging bumble bees regularly escape from greenhouses (Whittington et al.
2004), but they freely commingle when used in open-field crops, as is becoming a
regular, even recommended, practice with commercially reared B. impatiens in cranberry
(Stubbs & Drummond 2001) and other crops. While there is no evidence that commercial
bees introduce new pathogens to wild bees, commercial colonies may carry greater
parasite loads (Colla et al. 2006), and interactions between commercial bees and wild
bees are inevitable (Durrer & Schmid-Hempel 1994), especially in uncontained
environments like cranberry and blueberry fields. Despite commercial bumble bees
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species being native, they are not part of the natural ecosystem; on the contrary, they
subject natural systems to a higher degree of risk. The parasites and pathogens they carry
and vector to wild species (Imhoof & Schmid-Hempel 1999) can have detrimental effects
on colony survival, reproduction, and foraging efficiency of individual workers (Brown
et al. 2000, 2003; Williams & Osborne 2009). As commercial, migratory beekeeping is a
necessary component of viable crop production in many parts of the world, establishing
well-regulated protocols for beekeepers and sustainable management recommendations
for growers is not only necessary, but long overdue.
If well studied and well designed, agricultural systems have the capacity to
provide quality habitat for bees, offering exposed soil and rodent holes for nest sites, nest
materials, water, and nectar and pollen floral resources in seasons when bloom is scarce
elsewhere (Winfree et al. 2007). However, because most native bees do not store food
resources for the long term, a single crop alone cannot sufficiently meet their dietary
needs (Holzschuh et al. 2007). Pollen and nectar must be available continuously
throughout the flight period, from early spring to late summer. In cranberry, forest edges
and open areas of the understory provide good habitat for wildflowers (Loose 2000);
growers can maximize the benefit of these areas by leaving soils undisturbed and
wildflower areas unmowed. Selecting native wildflower species for supplemental
plantings is difficult in cranberry because the soil is highly acidic and seeds can easily
grow into problematic weeds on cranberry beds. In other Vaccinium agricultural systems,
red maple (Acer rubrum L.), willow (Salix spp.), red clover (Trifolium pratense L.),
labrador tea (Ledum groenlandicum Oeder), leatherleaf (Chamaedaphne calyculata (L.)
Moench), raspberry (Rubus idaeus L. var. strigosus (Michx.) Focke), fireweed
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(Epilobium angustifolium (L.) Holub), and Joe Pye weed (Eupatorium maculatum (L.)
King) have been shown to provide excellent native bee forage and nesting resources
(Loose 2000; Ortwine-Boes & Silbernagel 2003; Rao & Stephen 2010). However,
enhancement plantings must be carefully selected for uninterrupted floral succession
through the season, tolerance to the cranberry ecosystem, and ease of controlling as
weeds on the bog. Plants meeting many of these criteria already occur naturally in the
landscapes around cranberry bogs; protecting and enhancing their populations would
ensure season-long food provisions for native bees. The presence of geographically
contiguous floral and nesting resources may be equally important for bee communities as
the abundance of these resources (Loose 2000), and the scale of these habitats and habitat
corridors may play a significant role as well (Goddard et al. 2010). Agricultural
management that provides adjacent nesting and foraging resources and is connected via
suburban gardens, utility corridors, urban plantings or other agricultural ecosystems is
critical to the survival of resident wildlife (Benton et al. 2003; Goddard et al. 2010).
The potential for maximizing agricultural ecosystems to accommodate high
quality bee habitat is great. Throughout Europe, agri-environment schemes have been
implemented to exploit the potential of farmland ecosystems for pollinator habitat.
Rushing to implement similar management schemes domestically is tempting; however,
the efficacy of these plans has been questioned (Kleijn et al. 2001; Kleijn & Sutherland
2003), and the causes of pollinator decline in North America may be different from those
in Europe (Williams & Osborne 2009). The paucity of long-term North American
pollinator data sets and the uncertainty about optimal management and conservation
techniques necessitate continued monitoring efforts and further research. Environmental
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crises are most often recognized only after-the-fact (Ghazoul 2005); my findings
corroborate the fact that we are now amidst a pollinator crisis. In advance of wild
pollinator communities deteriorating further, researchers must capitalize on heightened
pollinator interest among growers, scientists, and policy-makers to identify the causes
and implement solutions to the pollinator crisis looming in North America.
This study found bee diversity declined 28% over a 19-year period and
established the first evidence for declines in North America in overall wild bee diversity.
While staggering, these findings serve as justification for further research into the
efficacy of new and improved farm management strategies that will support healthy
native bee communities.
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Tables and Figures
Table 1.1. Locations of historical and current cranberry bog survey sites, including
survey components by year, and latitude/longitude.
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Table 1.2. Bees collected foraging on 9 Massachusetts cranberry bogs from 1990-1991 and 2007-2009.
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Table 1.2 (continued). Bees collected foraging on 9 Massachusetts cranberry bogs from 1990-1991 and 2007-2009.
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Table 1.2 (continued). Bees collected foraging on 9 Massachusetts cranberry bogs from 1990-1991 and 2007-2009.
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Table 1.3. Shannon diversity index (H') of bees, excluding and including (in
parentheses) honeybees on nine Massachusetts cranberry bogs in 1990-1991 and
2007-2009.
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Table 1.4. Bees collected on 32 Massachusetts cranberry bogs in 2008 and
31 bogs in 2009.
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Table 1.5. Presence or absence and relative abundance of bumble bee species
collected on the same 9 Massachusetts cranberry bogs in 1990-1991, 2007-2009, and
31 additional bogs in 2008-2009.
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Figure 1.1. Primary cranberry-growing region of Massachusetts with locations of
survey sites
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CHAPTER 2
EFFECTS OF AGRICULTURAL INTENSIFICATION ON NATIVE
POLLINATORS OF MASSACHUSETTS CRANBERRY

Introduction
Post-war transformations in agricultural practices aimed at maximizing
productivity have led to the loss of most farmland habitat refuges and corridors such as
hedgerows and wildflower meadows, giving rise instead to a more uniform rural
landscape (Stoate et al. 2001). Among its many consequences, agricultural intensification
adversely affects valuable ecosystem services such as pollination (Tscharntke et al.
2005). The global value of crop pollination, though difficult to measure, is estimated at
over 200 billion US dollars per year (Gallai et al. 2009); 87 of the world’s leading food
crops and 35% of global food production benefit from pollination (Klein et al. 2007).
This critical ecosystem service has recently been compromised by a mysterious illness,
now termed Colony Collapse Disorder, that is afflicting honey bees in North America
(Oldroyd 2007; vanEngelsdorp et al. 2009), and also by declines of native bees
worldwide (Ghazoul 2005; Biesmeijer et al. 2006; NRC 2007; Kluser & Peduzzi 2007).
Meanwhile, continued pressure for increased agricultural production has resulted in an
increased proportion of land devoted to insect-pollinated crop production (Aizen et al.
2008), increasing global pollinator dependency at a time when pollinator populations are
tenuous.
Honey bees (Apis mellifera L.) remain the most economically important
pollinators of crops worldwide (McGregor 1976; Watanabe 1994), but for some crops
they are not the most effective pollinators (Westerkamp & Gottsberger 2000). In
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Massachusetts, growers of the pollinator-dependent American cranberry (Vaccinium
macrocarpon Ait.), stock hives of honey bees in large numbers to ensure adequate
pollination despite honey bees’ relative inefficiency at pollinating cranberry compared to
bumble bees (Bombus spp.). Unlike honey bees, bumble bees and some other native bee
species buzz pollinate, a mechanism by which many native bees vibrate their bodies to
remove pollen grains from flower anthers (Cane & Schiffhauer 2003). Bumble bees are
particularly desirable pollinators because they can forage under diverse conditions from
cool to hot and in dark overcast conditions and light rain. Combined with the pollination
efforts of solitary bees, which have a wide variety of foraging habits, the cumulative
contribution of native bees to the pollination of agricultural crops can be substantial
(Winfree et al. 2008). Wild bee communities might provide pollination insurance in the
event of widespread honey bee shortages (Winfree et al. 2007), but continued
impoverishment of the native bee communities associated with agricultural landscapes
may put this insurance policy at risk. Little is known about the status of wild bee
pollinators of Massachusetts cranberry, and even less is known about native bees’
response to agricultural intensification in the region.
With few exceptions (Kremen et al. 2002; Xie et al. 2008), the majority of
research associating agricultural intensification with decreased bee diversity has been
conducted in Europe. Research implicating agricultural intensification as the cause of
pollinator declines in Europe has led many European Union (EU) countries to adopt agrienvironment schemes, measures whereby farmers receive payment for modifying their
land for the benefit of pollinators and other species (Kleijn & Sutherland 2003). In
advance of these measures being implemented in North America, where pollinator
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decline may have different causal factors than in Europe (Thorp 2005; Williams &
Osborne 2009), further investigation into the impacts of agricultural intensification on
bees in this country is required. The widespread loss of biodiversity associated with the
intensification and industrialization of agriculture is a result of not only direct effects
such as physical destruction of habitat and fragmentation and pesticide poisonings, but
also myriad subtle and indirect effects (Krebs et al. 1999), including introduction of
diseases and competition from non-native or commercially-reared species (Goulson
2003b) and sublethal effects of insecticides (Yang et al. 2008) on worker and
reproductive bees. It is essential that these effects are well understood so management
options are built upon sound scientific evidence.
The cranberry industry in Massachusetts handles the state’s leading agricultural
crop, and therefore plays a significant role in the state’s economy, environment, and land
use planning. Cranberry bogs and associated property account for more than 60,000 acres
of land in southeastern Massachusetts (Sandler & DeMoranville 2008). From 1970 to
1999, Massachusetts cranberry production steadily increased, then fell sharply due to lack
of demand and overproduction (Kesecker 2004). Demand and prices have since
rebounded but decisions by growers to continue production or sell their cropland and
adjacent woodlots to developers impacted the region’s proportion of open space and
undeveloped land. The combination of declining profits for cranberries, increased
population pressure in the region due to a rapidly expanding suburban and exurban
developments, and more efficient transportation networks have created a significant shift
in land use in the region (Stone 1998). Examining whether this shift has affected native
bees could inform growers and policy makers to take steps to mitigate further impacts.
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In this study, I evaluated native bee diversity and abundance, and six metrics of
agricultural intensification in Massachusetts cranberry bogs: honey bee competition, bog
management type, toxicity of insecticide program, timing of queen emergence, Cape Cod
bogs vs. mainland bogs, and surrounding land use. I developed the following predictions,
according to current theories on the impacts of agricultural intensification:
1. In areas of high agricultural intensification, the influx and concentration of
migratory honey bees causes reduced bumble bee diversity and abundance. As buzz
pollinators, bumble bees are the most efficient pollinator of cranberry on a per-flower
basis, and therefore the potential for competition is of great interest and importance to
growers.
2. Organically managed bogs support a more diverse and abundant native bee
community than conventionally managed bogs.
3. Native bee diversity and abundance increase with relative distance from the
epicenter of the cranberry-growing region of Massachusetts. Bogs on Cape Cod,
therefore, have higher native bee diversity and abundance than do mainland
Massachusetts bogs.
4. Native bee diversity and abundance is higher on cranberry bogs that are treated
with insecticides having low bee toxicity. Individual growers’ insecticide programs vary
in bee toxicity depending on which insecticide is used, rate of application, and timing of
applications.
5. Queens and males of some bumble bee species emerge earlier in the season
than previously recognized by the Massachusetts cranberry growing community, and are
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at risk of exposure to mid and late-season pesticide applications, as well as pathogens and
parasites vectored by commercially-reared bees.
6. The diversity and abundance of native bees decrease as the proportion of land
surrounding a cranberry bog becomes increasingly agriculturally intense. This negative
effect on diversity and abundance of increasing proportion of agricultural land also
represents the effect of decreasing proportions of forested lands; therefore, I predict that a
similar analysis, using percent forested lands, will reveal a reciprocal relationship.
Furthermore, I expect landscape heterogeneity to promote bee diversity and abundance in
native bee communities.

Methods
Study Area and Field Methods
In 2008 and 2009, I conducted bee surveys at 40 commercial cranberry bogs in
Bristol, Plymouth, and Barnstable counties in southeastern Massachusetts, the region
responsible for producing the nation’s 2nd largest cranberry crop (Fig. 2.1). In 2008, I
surveyed 32 conventionally managed bogs; in 2009, I surveyed 31 bogs, foregoing
sampling at nine of the previous sites and adding eight organically managed bogs. All
sites were located at least 1.5 km apart; most bogs were well over 5 km apart, making the
sites geospatially exclusive for many bee species (Greenleaf et al. 2007; Osborne et al.
2008). The undeveloped areas of southeastern Massachusetts are a mosaic of kettlehole
lakes and secondary forests of varying ages, still recovering from widespread agricultural
clearing in the early 19th century (Stone 1998). Forested areas range from young pitch
pine-dominated stands (Pinus rigida Miller) to more mature mixed hardwoods consisting
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primarily of various oak (Quercus spp.) and maple (Acer spp.) species in the overstory,
and willows (Salix spp.) and heaths (Ericaceae spp.) in the understory. The acidic soils of
this coastal plain region are deep and sandy (NRCS 2008), thereby potentially providing
ideal nesting conditions for many ground-nesting bees (Potts & Willmer 1997).
I collected bees foraging on cranberry flowers three times at each bog throughout
the bloom period, mid-June to mid-July in Massachusetts. In 2008, I made two separate,
simultaneous collections each time I visited a site. Two individuals captured as many
bees as possible directly into small plastic insect vials while moving throughout the bog
for 15 minutes; one individual ignored honey bees and collected only native bees and
another individual caught both honey bees and native bees as they were encountered. In
2009, I collected only native bees for 20 minutes while simultaneously counting the total
number of plausible honey bee captures (i.e. I conducted a visual census of honey bees in
lieu of capturing them). In 2008 I also observed and recorded bee visits to cranberry
flowers within a 1-m2 plot for a 5-minute period, as part of methods implemented for
another study. I recorded each bee only once, and I repeated the counts at six locations
throughout each bog for each site visit. Data were collected only on sunny or bright
overcast days without precipitation or strong winds and with temperatures in the range of
20-32° C. I transported all collected bees to the laboratory to be killed, pinned, and
identified to species, and incorporated the specimens in the University of Massachusetts
Cranberry Experiment Station’s Insect Collection.
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Data Analysis
I used the bee collections as a measure of both diversity and abundance, measured
as collection rate, and my 2008 bee observation data as a second estimate of abundance,
measured as observation rate. I quantified diversity using the Shannon Diversity Index
(H’) and relative abundance as the number of individuals collected for each group [i.e.,
honey bees, bumble bees, and small native (solitary) bees] divided by the total collected.
I calculated capture rates and observation rates as another method of comparing bee
abundance.
To assess potential competition between honey bees and bumble bees I used SAS
(SAS 2000) to create scatter plot and correlation matrices. I compared the abundance of
honey bees collected in the 2008 to the abundance and diversity of bumble bees in the
native bee collection. For the 2009 data, I compared the abundance of honey bee
sightings to the abundance and diversity of bumble bees collected. In all cases,
abundance was measured both as relative abundance of honey bees in the collection, and
as capture rate (bees collected per minute) or plausible capture rate in the 2009 honey bee
data. I further analyzed honey bee competition by comparing the 2008 honey bee
observation rate data with bumble bee observation rate data.
I used a Student’s t-test to compare data from the 2008 native bee collection and
the 2009 collection for my prediction that Cape Cod bogs have higher bee diversity and
abundance than mainland bogs. I also used a Student’s t-test to evaluate differences in
native bee diversity and abundance in the 2009 collection data for my prediction that
organic bogs support more diverse and abundant native bee communities. I compared
each available measure of diversity and abundance for both predictions, examining
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capture rate and observation rate of all native bees, bumble bees, and small native
(solitary) bees. In both years, 8 survey sites were located on Cape Cod and 24 and 23
were located on the mainland in 2008 and 2009, respectively. In 2009, 9 of the surveyed
bogs were organically managed and 22 were conventionally managed.
For the pesticide toxicity analysis, I asked growers to provide insecticide
application records for 2006-2009 for each surveyed bog. Using methods developed by
Tuell (Tuell 2007), I calculated an insecticide program toxicity (IPT) score for each bog
by year. I calculated the IPT by multiplying the application rate of the insecticide by the
percent of active ingredient to obtain the kilograms of active ingredient applied per
hectare. I then divided the kg of active ingredient/hectare by the LD50 (median lethal
dose) for honey bees, and summed the results for all insecticide applications applied
while bees were present on the bogs each year (i.e., mid-June to mid-July, depending on
cultivar). This score was used to determine the relationship between insecticide use and
bee diversity and abundance during bloom of the current and following year. I evaluated
the relationships between bee diversity and abundance and IPT score using scatter plots
and associated correlation coefficients.
I examined the effects of mid and late-season pesticide applications on bumble
bee queens and males by calculating the total number of reproductive bees of each
bumble bee species surveyed at each site during each sampling occasion. I evaluated the
risk associated between early emergence dates of queens and males in 2008 and 2009 and
common pesticide application practices on cranberry bogs in the survey area.
To analyze my predictions that surrounding agricultural land use affects bees
negatively, surrounding forested lands affect bees positively, and homogeneity of the
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landscape decreases bee diversity and abundance, I used Google Earth (Google Earth
2009) to estimate the center of each survey site, and used publicly available geographic
information system (GIS) land use data from MassGIS (MassGIS 2009) to identify land
use categories in the areas surrounding each of the 40 survey sites. The land use layer
was released in June 2009, based on 0.5-m resolution digital ortho-imagery captured in
April 2005. I combined 37 original land use classes into two categories of primary
interest, forest and agriculture, and one “other” category that consolidated other land uses
not of immediate interest to this study. The agriculture category contained only the
unique land use class “cranberry bog,” as cranberry is the only significant agricultural
crop grown in the study area. The forest category encompassed two classes: forest and
forested wetlands. I transferred the reclassified land use data into ‘Fragstats’ (McGarigal
et al. 2002) to calculate the percentage of each of the two land use categories, as well as
the percent homogeneity, which I measured as forest patch density and bog patch density
at four scales relative to bee foraging ranges: 500-m, 1000-m, 1500-m, and 2000-m
radius circular windows around each site. I did not include honey bees in the landscapescale analyses as I was most interested in native bees’ response to surrounding land use. I
used only species diversity (Shannon’s H’) and abundance, measured as collection rate,
of native bees for each sample location, and used 'R' (R Development Team 2009) to
produce smooth functions of data trends using maximum-likelihood generalized additive
models, linear function plots using linear models, and plots of the correlation coefficients
of bee diversity and abundance.
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Results
Over the two-year survey period, I collected 13277 bees from 40 cranberry bogs
during bloom, representing 37 species in 6 families (Table 2.1). I observed 1033 bee
visits to cranberry flowers in 2008. Together, honey bees and bumble bees were the most
common pollinators in both the collections and observations, comprising 98.2% and
98.6% of the 2008 and 2009 collections, respectively, and 96.4% of the 2008
observations. Honey bees alone comprised 48% and 81% of the 2008 and 2009
collections, respectively, and 58% of the 2008 observations.

Prediction 1 – Honey bees compete with bumble bees and reduce bumble bee
diversity and abundance.
The relative abundance of honey bees in the collections was highly negatively
correlated with the bumble bee collection rates both in 2008 (P<0.0001, n=33, Pearson
correlation coefficient r =-0.83) and 2009 (P<0.0001, n=31, r =-0.76). Similarly, the
relative abundance of honey bees in the observations was also negatively correlated with
bumble bee observation rates in 2008 (P<0.0001, n=33, r =-0.71). I found a nearly
significant (P=0.058, n=33, r =-0.33) negative correlation in 2008 between the relative
abundance of honey bees in the collections and bumble bee diversity. I found a similar
but much weaker relationship in 2009 (P=0.395, n=31, r =-0.16). Furthermore, in both
years I found that increased honey bee collection rates were associated with decreased
bumble bee collection rates (P=0.032 in 2008, n=33, r =-0.43; and P=0.001 in 2009,
n=31, r =-0.50).
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Prediction 2 –Organically managed bogs support more diverse bee communities
than conventional bogs.
I collected small native bees at a 97% higher rate on organic bogs than on
conventional bogs (P=0.027, df=28, t=2.30). Bees in this group included individuals from
each of the six families collected throughout the survey period; however, Halictidae and
Andrenidae species and Melitta americana (Smith) were among the most abundant small
native bees on organic bogs. Contrary to my prediction, however, I found no significant
differences in diversity or abundance of other bee groups (i.e., total bees, honey bees,
bumble bees) between organic and conventional bogs.

Prediction 3 –Native bee diversity and abundance is higher on Cape Cod bogs
than on mainland bogs.
Overall, native bee diversity was significantly higher (22%) on Cape Cod bogs
than on mainland bogs (P=0.003, df=26, t=3.27) (Fig. 2.2a). Inclusive of honey bees, total
bee diversity on Cape Cod bogs was 42% higher than on mainland bogs (P=0.058, df=28,
n=1.98), underscoring the dominance of honey bees and the Shannon index’s power to
account for evenness among species. Total bee abundance and bumble bee abundance,
both measured as collection rate, was 71% and 74% higher, respectively, on Cape Cod
bogs than mainland bogs (P=0. 0124, df=27, t=2.68 and P=0.001, df=27, t=2.79
respectively) (Fig. 2.2b). No significant differences were detected in diversity or
abundance of small native bees.
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Prediction 4 – Native bee diversity and abundance is higher on bogs that have low
IPT scores.
The IPT analyses revealed no significant relationship between individual growers’
insecticidal spray regimes and associated bee communities. My data showed no
associations between any of the bee groups, (total bees, honey bees, total native bees,
bumble bees, or small native bees) and the IPT calculated during the bloom period for the
previous year (Table 2.2). I was also unable to detect any strong data trends when I
analyzed bee communities with an IPT calculated during bloom for the current year, or
the IPT calculated over the entire cranberry growing period in either the previous or
current year.

Prediction 5- Early emergence of reproductive bumble bees puts queens and
males at risk of insecticide exposure.
In 2008, I encountered a total of 10 bumble bee queens on 32 bogs and in 2009, I
encountered 25 bumble bee queens on 31 bogs (Table 2.3). In 2008, I encountered
bumble bee queens on only the second day of sampling, 17 June. I recorded both bumble
bee queens and males on the first day of sampling in 2009, also 17 June. In 2008, after an
initial encounter, I continued finding queens and males of each species throughout the
remainder of the survey period, which ended on 17 July 2008. In 2009, with the
exception of Bombus sandersoni Franklin, with which I had only a single queen
encounter, once I first encountered queens or males of a species, I continued regularly
seeing reproductive bees of those species until the end of the survey period on 15 July
2009. I generally found reproductive bees foraging on cranberry earlier in the season and
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higher in abundance than anticipated, causing concern over exposure to mid and lateseason insecticide applications.

Prediction 6- Diversity and abundance are negatively correlated with the
proportion of bog in the surrounding landscape and positively correlated with the
proportion of forested lands.
The regressions of native bee diversity and abundance against the proportion of
bog and forested lands surrounding the bogs and the patch density of both land uses were
highly consistent between both years and across all radii (500m, 1000m, 1500m, and
2000m). I report here the results of the 2009 analysis at the 1500-m scale as
representative of the results of all the analyses (consistent with other scales and 2008
results; data not shown). I found highly significant negative correlations between the
percentage of bog in the surrounding land use and both native bee diversity and
abundance (both P<0.0001, diversity: n=31, r =-0.67; abundance: n=31, r =-0.68) (Figs.
2.3a & 2.3b). Similarly, the relationships between bog patch density with bee diversity
and abundance were also negative and highly significant (both P<0.0001, diversity: n=30,
r =-0.80; abundance: n=30, r =-0.81) (Figs. 2.4a & 2.4b). The relationships between
forested landscapes and native pollinators were somewhat more complex. The percentage
of forest in the surrounding landscape was positively correlated with native bee diversity
(P<0.0001, n=30, r =0.65; Fig. 2.5a), but negatively correlated with native bee abundance
(P<0.0001, n=30, r =-0.67; (Fig. 2.5b). Similarly, the density of forested patches was
likewise positively correlated with diversity (P=0.041, n=30, r =0.38) but negatively
correlated with abundance (P=0.049, n=30, r =-0.36).
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Discussion
My results demonstrate a clear association between native bee diversity and
abundance and increased agricultural intensification. I found significant negative
correlations between native bee populations and four of the six metrics of agricultural
intensification I investigated. In Europe, the negative effects of agricultural
intensification have been well documented and protection measures have been
implemented to mitigate further pollinator losses (Kleijn & Sutherland 2003). It remains
unclear whether the same approaches to managing the pollinator decline in the U.S.
would be effective because so few studies have addressed the connection between
landscape-scale effects of agricultural intensification and the status of the associated
pollinator populations in North America. While the factors driving the loss of bee
diversity and abundance in the U.S. include a complex host of variables, my data suggest
that the impacts to bees from agricultural intensification are significant and should be
immediately and carefully managed.
The abundance of honey bees in areas of intensive pollinator-dependent
agriculture appears to suppress both the diversity and abundance of native bumble bees.
My results suggest honey bees do displace bumble bees, though the argument for
competitive exclusion cannot be made without multiple-generation manipulative
experiments (Goulson 2003b). Manipulative experiments have been conducted using
Bombus occidentalis Greene in California and have found evidence to support the honey
bee competition prediction (Thomson 2004). In cranberry, honey bees typically forage
for nectar rather than pollen such that the stigma is not contacted, effectively stealing

39

nectar without transferring pollen (MacKenzie 1994). Bumble bees can pollinate up to
6.5 Vaccinium sp. flowers in the same time it takes a honey bee to pollinate one flower
(Javorek et al. 2002), but in some plant species (e.g., Agave schottii Englemann), honey
bees may reduce nectar to levels that are unprofitable for native bees (Schaffer et al.
1983). Despite their relative inefficiency pollinating certain crops and the risk of
outcompeting native bees, honey bees are still the primary pollinator used in commercial
crops. Wary of pollination deficits, most cranberry growers rent honey bees at rates of 24 hives/acre to ensure adequate pollination, but perhaps a better management strategy
could be established by identifying the level at which honey bee and native bee
populations simultaneously thrive and cooperatively maximize crop pollination. It has
been shown that honey bees and native bees can coexist without detriment to one another
using appropriate management techniques (Huryn 1997). Of equal importance may be
devising management strategies aimed at stocking appropriate levels, if any, of
commercial bumble bees. Currently, cranberry growers and other greenhouse and openfield crop growers are able to purchase commercially reared Bombus impatiens Cresson
hives as an alternative to honey bees or other wild pollinators. Concerns over whether
introducing a commercially reared, albeit native, species for pollination services have
increased as it has become evident that commercial B. impatiens vector parasites and
pathogens to wild bees and honey bees (Colla et al. 2006).
My results failed to support the hypothesis that the toxicity and timing of
insecticide applications affects bee abundance and diversity. While effective in some crop
systems (Tuell 2007), the usefulness of the IPT index in estimating the toxicity of
insecticides in cranberry may be limited by several factors. First, the diversity and
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complexity of chemical formulations used is difficult to quantify and standardize. LD50
information is only available for honey bees; for some highly bee-toxic compounds, this
estimate of a median lethal dose may be inaccurate for large bumble bees and small
solitary bees, especially for highly toxic compounds like imidicloprid (Morandin et al.
2005). Second, the toxicity of some compounds depends upon whether residuals are wet
or dry when bees come into contact with them. The wet/dry factor is critical but not
accounted for in IPT calculations because drying times can vary depending on weather
conditions. Several compounds that are highly toxic to bees when first applied and still
wet are entirely harmless to bees when residues have dried (Miles 2003). Growers do not
report what time of day insecticides are applied, though it is common practice to
chemigate (a method of dispensing agrochemicals via irrigation systems) overnight when
bees are not active (DeMoranville et al. 2008). Bee toxicity is likely strongly dependent
on whether the insecticide is still wet or has dried completely by dawn. Third, growers
who chemigate during daylight hours may or may not begin by irrigating the crop in an
attempt to remove bees from the bog prior to applying insecticides (DeMoranville et al.
2008); if this practice is employed, negative effects on bees are diminished, even for
highly toxic compounds. This technique is also not reported on required annual chemical
spray records, further concealing which insecticide programs are most pernicious to bees.
Given the complexity of chemical formulations, the diversity of application techniques,
and other variables not reported on spray records, I conclude that my results are not
necessarily indicative of the absence of a relationship between insecticide applications
and pollinator populations, but rather that the IPT index requires further refinement for
appropriate use in cranberry.
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Queen occurrence on cranberry flowers in mid-summer poses the risk of exposure
to toxic insecticides. In 2008 and 2009, I found a high number of queens, 10 and 25,
respectively, foraging on cranberry from colonies of B. impatiens, Bombus bimaculatus
Cresson, Bombus griseocollis (DeGeer), Bombus perplexus Cresson, and B. sandersoni
throughout the bloom period. Despite evidence to the contrary, persistent and pervasive
conventional wisdom among some cranberry growers and IPM managers dictates that
bumble bee queens emerge in late summer or early fall (Griffin 1997), long after
attractive floral resources are available on cranberry bogs. This scenario implies little risk
of mid-season pesticide applications killing queen bumble bees because they would
presumably not be active on cranberry bogs in mid-season. We know that at least for
some species, this scenario does not apply (Goulson 2003a), and the results of the bumble
bee survey indicate that it does not apply to any of the bumble bee species that commonly
occur in Massachusetts cranberry. While early season crops such as blueberry can benefit
from highly-efficient pollination of newly emergent queen bumble bees (Rao et al. 2009),
queen occurrence on cranberry in mid-summer potentially risks the survival of entire
colonies due to queens’ exposure to insecticides, as well as pathogens and parasites from
encounters with commercially reared bumble bees (Thorp 2005).
I expected organic bogs to support communities of bees with higher diversity and
abundance than conventional bogs. Organic farms host weed communities that are more
species rich than conventional farms (Gabriel & Tscharntke 2007). Foraging alternatives
to cranberry flowers are often abundant on organic bogs and in many cases undisturbed
nest sites are plentiful. Indeed, I collected small native bees at a rate that was 97% higher
on organic bogs than on conventional bogs, providing the first strong distinction between
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the solitary bee communities of different farm management types in North America.
Small native bees were the only group that appeared in higher abundance on organic
bogs; neither solitary bees nor other bee groups were significantly more diverse on
organic bogs. The reasons for this likely coincide with explanations given by Winfree et
al. (2008), who found few differences in a study of native bees on organic and
conventional farms. Habitat features associated with organic farming are often common
to conventional farms as well. While the cranberry beds themselves typically have higher
weed density and abundance on organic sites, the areas surrounding conventional and
organic bogs offer very similar resources in terms of alternative forage and nest sites cite.
Furthermore, some insecticides used in organic applications actually have higher bee
toxicity than many conventional compounds (Morandin et al. 2005; Penagos et al. 2005).
For example, spinosad, an insecticide used commonly on organic bogs in Massachusetts,
has extreme acute contact toxicity, with an LD50 for honey bees of 0.0025 µg/bee while
still wet (Miles 2003), 100 times lower than many of the most toxic conventional
compounds used in cranberry. Under certain conditions, organic bogs in Massachusetts
may pose a higher risk of lethal and sublethal effects to bees than conventional bogs.
Finally, bumble bee populations may be driven not by the presence of weedy flower-rich
habitats but by the availability of rewarding mass-flowering crops in agricultural
landscapes (Westphal et al. 2009). Bumble bees comprise the majority of our native bee
collection; therefore, if their populations are not influenced positively by organic
management, then total bee diversity and abundance would not be expected to increase.
Consistent with our prediction, the results of my land use analysis document a
clear negative relationship between native bee diversity and abundance and an increased
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proportion of agriculture in the surrounding landscape. The highly significant findings of
the Cape Cod versus mainland site analysis further support these results. Further from the
epicenter of the cranberry-growing region, Cape Cod bogs had significantly higher bee
diversity and abundance. In my reciprocal landscape-scale analysis, I found a positive
correlation between bee diversity and the proportion of forest in the surrounding
landscape, and a negative correlation between bee abundance and the proportion of forest
in the surrounding landscape. Other studies have found negative effects of urbanization
on bumble bees (Ahrné et al. 2009) and native bees (Tommasi et al. 2004), or positive
effects of natural habitat areas on native bees (Kremen et al. 2004), and even the lack of
effect of natural habitat area on native bees (Winfree et al. 2008). Despite variations
among the findings, most research investigating landscape-scale effects of biodiversity
suggests that the strongest predictor of biodiversity may be heterogeneity of the
landscape (Donald et al. 2001; Benton et al. 2003; Winfree et al. 2008; Firbank et al.
2008; Rao et al. 2009; Ahrné et al. 2009). Thus, I expected my analysis of both bog patch
density and forest patch density to reveal negative correlations with diversity and
abundance. I found this to be the case with bog patch density and bee diversity and
abundance, as well as with forest patch density and bee abundance. However, I found a
positive correlation between forest patch density and bee diversity. I suggest that these
results demonstrate a complex relationship between bee communities and forested lands.
The relationship between bee communities and agricultural lands and patchiness of
agricultural lands is clearly negative. Homogeneity of the landscape can be considered a
universal consequence of the multiple effects of agricultural intensification (Benton et al.
2003), and the results of the agricultural lands analysis are consistent with this idea.
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This study provides broad multi-species evidence for the deleterious effects of
agricultural intensification on native bees in Massachusetts. Recognition that native bee
communities in North America are diminishing as a consequence of agricultural
intensification may help to unify a movement toward improved conservation
management. Ecologists and conservationists often focus on protecting pristine and
undisturbed habitats in an effort to preserve intact natural communities (Tscharntke et al.
2005). In many landscapes, such an approach is unrealistic and unfeasible; in most
agricultural landscapes, a more valuable approach would be one that aims to understand
how disturbed, fragmented communities function and how best to manage them for
wildlife habitat. Bees’ ability to adapt to agricultural conversion is thought to be highly
species-specific and dependent on life history traits, vagility, and plasticity in forage plant
preferences (Cane 2001; Kim et al. 2006; Lye et al. 2009). Therefore, rapid progress is
required both in understanding bees’ species-specific habitat requirements and in
adapting agricultural and conservation management strategies. Alternately, continuing
declines in native pollinator populations will not only trigger tragic ecological
extirpations, but also the loss of valuable pollination services.
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Tables and Figures
Table 2.1. Bees collected on 32 Massachusetts cranberry bogs in 2008 and 31 bogs
in 2009.
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Table 2.1 (continued). Bees collected on 32 Massachusetts cranberry bogs in 2008
and 31 bogs in 2009.
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Table 2.2. Insecticide Program Toxicity (IPT) scores, calculated during bloom and
annually, by site and year, 2006-2008, for 22 Massachusetts cranberry bogs.
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Table 2.3. Dates of first and last encounters with reproductive bumble bees on
Massachusetts cranberry bogs in 2008 and 2009, including total queens and males
observed.
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Fig. 1 Map of the primary cranberry-growing region of Massachusetts showing
forest and cranberry bog land use cover types and locations of 40 survey sites
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Fig. 2.2a. Shannon diversity index of native bees on mainland Massachusetts
cranberry bogs and Cape Cod bogs. Diversity of bees was significantly higher on
Cape Cod bogs, *P <0.05.

Fig. 2.2b. Native bee abundance, measured as collection rate (bees per minute) on
mainland Massachusetts cranberry bogs and Cape Cod bogs. Total bee abundance
and bumble bee abundance were significantly higher on Cape Cod bogs, *P <0.05
for both, but small solitary bee abundance did not differ between Cape Cod and
mainland bogs.
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Fig. 2.3a. Maximum-likelihood generalized model showing a negative correlation
between native bee diversity and percentage of bog in the surrounding landscape at
1500-m scale in Massachusetts cranberry.

Fig. 2.3b. Maximum-likelihood generalized model showing a negative correlation
between native bee abundance and percentage of bog in the surrounding landscape
at 1500-m scale in Massachusetts cranberry.
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Fig. 2.4a. Maximum-likelihood generalized model showing a negative correlation
between native bee diversity and bog patch density in the surrounding landscape at
1500-m scale in Massachusetts cranberry.

Fig. 2.4b. Maximum-likelihood generalized model showing a negative correlation
between native bee abundance and bog patch density in the surrounding landscape
at 1500-m scale in Massachusetts cranberry.
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Fig. 2.5a. Maximum-likelihood generalized model showing a positive correlation
between native bee diversity and percentage of forest in the surrounding landscape
at 1500-m scale in Massachusetts cranberry.

Fig. 2.5b. Maximum-likelihood generalized model showing a negative correlation
between native bee abundance and percentage of forest in the surrounding
landscape at 1500-m scale in Massachusetts cranberry.
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